T he brain of a mammal contains billions of cells with extensive molecular, morphological, and functional diversity. These cells are precisely interconnected throughout the CNS to form intricate and dynamic circuits, each performing specific functions. Over the last decades, specific hypothalamic neuronal networks have emerged as key orchestrators of systemic metabolism, food intake, and body weight. However, restricting our scope to neuronal circuitry may have contributed to poor success in discovering and developing more effective and safe drugs for obesity. Astrocytes, tanycytes, and microglia, as well as neuronal-glial interactions, have recently proven to be highly relevant for the control of systemic metabolism and should lead to improved pharmacological strategies to prevent and treat metabolic diseases. Here we review these emerging insights to argue that achieving effective regulation of metabolic homeostasis will require understanding the functional heterogeneity and interactions of all hypothalamic cells.
T he brain of a mammal contains billions of cells with extensive molecular, morphological, and functional diversity. These cells are precisely interconnected throughout the CNS to form intricate and dynamic circuits, each performing specific functions. Over the last decades, specific hypothalamic neuronal networks have emerged as key orchestrators of systemic metabolism, food intake, and body weight. However, restricting our scope to neuronal circuitry may have contributed to poor success in discovering and developing more effective and safe drugs for obesity. Astrocytes, tanycytes, and microglia, as well as neuronal-glial interactions, have recently proven to be highly relevant for the control of systemic metabolism and should lead to improved pharmacological strategies to prevent and treat metabolic diseases. Here we review these emerging insights to argue that achieving effective regulation of metabolic homeostasis will require understanding the functional heterogeneity and interactions of all hypothalamic cells.
Focus on the hypothalamus
Identification of the hypothalamus as a center of metabolic homeostasis arose from observations that hypothalamic damage inflicted by either tumors 1 or by lesions to specific hypothalamic regions, including the ventromedial (VMH), dorsomedial, and paraventricular (PVN) nuclei [2] [3] [4] , elicited voracious hunger (hyperphagia) and obesity. Thus, these early studies of hypothalamic dysfunction suggested a critical role of the hypothalamus in regulating metabolism. When lesions to the lateral hypothalamus (LH) were found to reduce food intake (hypophagia) 5 , it became clear that there is intraregional variation of hypothalamic regulation of food-seeking behavior and body weight.
The subsequent discoveries that circulating metabolic hormones, such as insulin 6 , leptin 7 , and ghrelin 8 , act at the hypothalamus, together with the implementation of genetically engineered rodent models of obesity and diabetes 9, 10 and cell-specific ablation studies 11 , promoted the identification of specific hormone-sensitive hypothalamic cell populations and facilitated the deciphering of the functional properties of diverse hypothalamic feeding circuits. Understanding the functional and cellular heterogeneity of distinct neuronal populations forming these circuits, as well as the intricate networks interconnecting them, are essential for deciphering how the brain controls energy metabolism (reviewed in ref.
which have been extensively studied for their involvement in the regulation of energy intake and body weight. Important findings include the discovery of the orexigenic properties of neuropeptide Y (NPY) 14 and Agouti-related peptide (AgRP) 15 and the anorexigenic properties of α -melanocyte-stimulating hormone (α -MSH), the post-translational product of pro-opiomelanocortin (POMC) 16 .
NPY and AgRP neurons, linking metabolism with behavior.
The discovery of the co-expression of two potent orexigenic peptides, NPY and AgRP, within the same ARC neurons provided compelling evidence that these cells are the long-sought hunger neurons. New methodologies, including cell-type-specific ablation and acute modulation of neuronal activity combined with tracing methods, have provided detailed views of how these neurons influence both feeding-and non-feeding-related behaviors. Ablation of AgRP neurons leads to starvation and death 11, 17 , while optogenetic or pharmacogenetic activation or inhibition 18 of AgRP neurons in vivo positively or negatively affects feeding, respectively. Although AgRP antagonizes melanocortin (MC) receptors, this may not be its underlying mechanism, as acute stimulation or ablation of AgRP rapidly affects feeding during tonic inhibition of the MC system, implying that AgRP neurons act independently of acute MC signaling 19 . When food is available, activating the soma of AgRP neurons increases food consumption, whereas the same stimulation in the absence of food increases stereotypic and compulsive behaviors 20 . Optogenetic or pharmacogenetic excitation of AgRP neurons-as a proxy for what occurs in food deprivation-revealed that, depending on the experimental context and food availability, activation of these cells can promote adaptive responses facilitating escape from the state of deprivation. Then, when food is discovered, this behavior can immediately revert, indicating that AgRP neurons have the ability to rapidly respond to food-related cues rather than to calories per se 21 . Indeed, in vivo calcium imaging of AgRP neurons in freely moving animals has demonstrated their rapidly reductions in activity upon detection of food cues, even before substantial calories are consumed 22, 23 . Multiple brain regions receive direct inputs from ARC AgRP neurons (Fig. 1a) , and direct stimulation of these individual projections revealed a parallel and redundant signaling network by which they promote feeding. Direct stimulation of the subset of AgRP axons that specifically project to the PVN (ARC AgRP → PVN), to the anterior division of the bed nucleus of the stria terminalis (aBNST), to the paraventricular thalamus, or to the LH 24 elicits acute feeding. Acute optogenetic activation and tracing studies of AgRP neuronal projections revealed that different subsets of AgRP neurons control insulin sensitivity, glucose metabolism, and feeding through distinct and overlapping projections 25 . ARC AgRP → LH projections promote feeding and insulin resistance through modulation of brown adipose tissue metabolism, and ARC AgRP to ventrolateral or dorsomedial aBNST (aBNST vl/dm ) projections coherently but independently regulate feeding and stimulate expression of muscle-related genes in brown adipose tissue in addition to glucose uptake 25 . In contrast, acute stimulation of AgRP projections to the central nucleus of the amygdala, the periaqueductal gray area, or the parabrachial nucleus does not trigger feeding 24 . Accordingly, genetic or pharmacologic inhibition of AgRP fibers projecting to the parabrachial nucleus prevents the starvation that results from ablation of all AgRP neurons 26 . Thus, AgRP neurons influence multiple aspects of feeding behavior via diverse neuronal circuits throughout the brain. AgRP neurons also regulate peripheral activity through modulation of autonomic output. Ablation or hypomorphic AgRP activity highlight additional roles of AgRP neurons unrelated to feeding, including regulation of the balance between carbohydrate and lipid utilization 27 , adaptive immune responses and T cell maturation 28 , and the norepinephrine-dependent control of bone mass 29 .
POMC neurons: center of body weight regulation. Reciprocal activity of ARC POMC and AgRP neurons is fundamental for hypothalamus-driven control of whole-body energy balance. Alternating firing of AgRP and POMC neurons is achieved by cell-type-specific effects of metabolic hormones, circulating nutrients, and prandial state-dependent synaptic inputs onto both cell types 30 . During a meal, POMC neurons become activated, leading to gradual onset of satiation and increased energy expenditure 31 . Independent of food consumption per se, POMC neurons rapidly adapt their activity in response to external information about food availability and food composition 22, 23 . Thus, the sensory detection of food in overnightfasted mice leads to a paradoxical activation of satiation-promoting POMC neurons without actual food intake 23 . Activation of POMC neurons results in the release of several POMC-derived peptides, including α -MSH, that gradually promote the onset of satiation and increased energy expenditure via activation of MC3Rs and MC4Rs in the PVN and the nucleus of the solitary tract in the brainstem 32 . ARC POMC neurons also secrete β -endorphin, which, when acutely released into the PVN, triggers feeding in response to cannabinoids in sated mice 32 . Chemogenetic and pharmacological studies indicate that POMC neurons drive acute cannabinoid-induced feeding through cannabinoid-mediated retrograde inhibition of presynaptic GABA release onto POMC cells (Fig. 1b) and through postsynaptic formation of contacts between mitochondria and endoplasmic reticulum (ER) in POMC cells. Leptin induces the formation of reactive oxygen species in POMC neurons, which are required to trigger POMC neuronal activity to increase energy expenditure and promote satiation 33 . POMC neurons project to different brain areas (Fig. 1b) , with neurons in the rostral ARC projecting mainly to autonomic brainstem regions and neurons in the caudal ARC primarily connecting with other hypothalamic nuclei, such as the PVN 34 . The region-specific distribution of ARC POMC neurons also determines their responsiveness to metabolic factors, with those in the medial ARC being predominantly sensitive to glucose, while those in the lateral ARC are more responsive to leptin 35 . Although most POMC cells have functionally active leptin receptors (LepRs), those that do are not more responsive to insulin. One population of POMC cells is insensitive to both leptin and insulin but is activated by serotonin or estrogen 34 . In sum, POMC neurons represent a heterogeneous population that orchestrates fundamental functions in the maintenance of energy homeostasis, including regulating feeding behavior and energy expenditure and maintaining blood glucose levels.
Other key hypothalamic neuronal populations. Numerous neuronal populations in the ARC and other hypothalamic nuclei are required for the physiological control of energy metabolism 36 . One subpopulation of ARC neurons expresses oxytocin receptors and releases glutamate, but does not contain POMC. Rather, it promotes rapid onset of satiation by activating ARC-to-PVN projections 37 . Orexigenic dopaminergic (DA) neurons that reciprocally control the activity of nearby AgRP and POMC cells have recently been characterized in the ARC 38 . Ghrelin triggers increased activity of these ARC DA neurons by affecting AgRP and POMC neurons. In addition to their acute effects on feeding, ARC DA neurons inhibit lactotrophs in the anterior pituitary, preventing lactation 39 .
In RIP-Cre transgenic mice, the neurons expressing Cre (rat-insulin-promoter neurons, or RIP-Cre neurons) are located throughout the brain, including in the ARC, but are distinct from POMC and AgRP neurons. RIP-Cre neurons exert GABAergic inhibition onto PVN neurons and mediate increased energy expenditure, but do not decrease feeding associated with leptin 40 .
Other hypothalamic nuclei also contain specific neuronal populations that participate in the regulation of energy metabolism. In the LH, hypocretin-and orexin-expressing glutamatergic neurons project to several hypothalamic nuclei and other brain areas, promoting arousal and food intake 41, 42 . Neighboring LH melaninconcentrating hormone neurons are GABAergic and elicit hyperphagia. Finally, GABAergic projections from LH neurons to the ventral tegmental area drive vigorous feeding 43 . In contrast to the orexigenic nature of the LH, the VMH primarily promotes reduced food consumption and consists of heterogeneous subtypes of neurons expressing LepRs, estrogen receptor α and/or receptors for brain-derived neurotrophic factor (BDNF) 44 . Steroidogenic factor-1 (SF-1) is a well-known cell marker that, in the brain, is selectively produced by neurons in the VMH 45 . These neurons regulate thermogenesis and promote leptin's effects on energy expenditure; malfunctioning of SF-1 neurons is related to the onset of obesity 46 . Collectively, the hypothalamus comprises numerous distinctive neuronal populations and controls energy balance in multiple ways using diverse signals. However, the feeding circuits also extend to extra-hypothalamic areas (Box 1) of the CNS and pituitary to integrate metabolic information, allowing rapid adaptation to new situations. Adaptive plasticity of hypothalamic neuronal connectivity (Box 2) requires the coordinated participation of adjacent glial cells, which, together with neurons, chemically and physically influence fundamental aspects of synaptic function.
Glia
Astrocytes: active members of the circuit. Astrocytes are highly diverse in their morphological appearance, functional properties, and distribution, both among and within different brain regions 47, 48 . The majority of protoplasmic astrocytes in the CNS do not have the classic textbook stellate morphology; rather, they resemble 'sponges' because of their highly elaborated, plastic, and dynamic terminalprocess arborization 49 . Astrocytes sense synaptic activity through
Box 1 | Connectivity with extra-hypothalamic metabolic control circuits
Considerable peripheral metabolic information reaches the brain through afferent nerves originating from the gastrointestinal tract, including the vagus nerves, that terminate in the nucleus of the solitary tract (NTS); and NTS neurons subsequently project to other brain areas including the hypothalamus 98 . The brainstem has a high level of MC4R expression 99 , implying that extra-hypothalamic areas also actively control energy balance via MC signaling. Of note, MC4Rs in autonomic regions of the brainstem regulate energy expenditure and glucose homeostasis, whereas MC4Rs in the hypothalamic PVN control feeding but not energy expenditure 100, 101 . Such region-dependent functionality of MC4Rs highlights the divergent character of the MC system in controlling energy homeostasis and highlights the relevance of interconnections between the hypothalamus and extra-hypothalamic regions.
Feeding behavior, in addition to being influenced by homeostatic signals, is affected by emotional, social, experiential, and many other factors, any of which can interact with meal timing, size, choice, and preference, overriding homeostatic controls. The mesolimbic dopamine pathway originating in the ventral tegmental area projects to the nucleus accumbens and other brain regions, including the LH 102 . These dopaminergic pathways potently alter motivated 'wanting' for the food reward 103 and are directly impacted by leptin 104 , insulin 105 , and ghrelin 106 . Mechanisms involved in the activation of DA signaling remain unclear, albeit activated brain areas vary depending on metabolic status.
Past experiences (e.g., learning and memory) greatly influence the control of eating and conditioned-appetitive behaviors 107 . In fact, lesions in the hippocampus promote hyperphagia and adipose deposition 108 . The hippocampus expresses receptors for and can respond to hormonal cues including ghrelin and insulin, contributing to both the homeostatic control of metabolism as well as to hippocampal-dependent learning and memory 109, 110 . Recent studies have uncovered a top-down pathway originating from the medial prefrontal cortex, connecting to somatostatinpositive neurons of the lateral septum to the LH, for controlling food-seeking behavior and evoking food approaches without affecting food intake 111 . Indeed, the LH rapidly responds to inputs from the lateral septum in the course of food seeking in mice, indicating that cortical-or hippocampal-to-hypothalamic connections are required for sensory food detection as well as for food seeking 22, 23, 112 . the expression of neurotransmitter receptors, transporters, and ion channels, enabling them to control the concentrations of ions, neurotransmitters, and neurohormones in the extracellular space; astrocytes also supply adjacent neurons with glutamine, the obligatory precursor for glutamate and GABA. Astroglia are secretory cells (part of the gliocrine system), releasing numerous neuroactive molecules including classical neurotransmitters 48 . The bidirectional communication between astrocytes and neurons was initially embodied in the concept of the tripartite synapse 50 , which evolved into the multipartite synaptic cradle that includes both astrocytes and microglia as integral elements of the synaptic formation 48 . Astrocytes modulate neuronal activity and synaptic transmission in several brain areas 51 and support synaptogenesis, synaptic maturation, maintenance, and extinction. Astroglial cells are organized into networks in which extensive communication occurs through gapjunction channels that mediate intercellular signaling in the form of Ca 2+ or Na + waves 52 , as well as activity-dependent glucose delivery and trafficking of glucose metabolites from capillaries to distal neurons 53 in the CNS, including the hypothalamus 54 . Hypothalamic astrocytes have been reported to play a critical role in regulating nutrient and hormone sensing within the CNS 55, 56 .
Hypothalamic astrocytes are highly glucose-responsive.
Astrocytes play a key role in the transport and sensing of glucose via gap junctions 57 , the astroglial glucose transporter (GLUT)-1 58 , and insulin receptors 55 . Insulin signaling in hypothalamic astrocytes participates in glucose transport from blood into the brain, and these astrocytes regulate the glucose-induced activation of POMC neurons that is critical for reducing food intake and controlling systemic glucose metabolism 55 . The loss of connexin-43 in astrocytes inhibits wake-promoting LH orexin neurons by impairing glucose and lactate trafficking through astrocytic networks 54 . Although the morphology and physiology of hypothalamic astroglia have yet to be fully characterized, specific subtypes have been identified. One subtype that is abundant in the ARC is the Gomoripositive astrocyte, which possess cytoplasmic granules derived from degenerating mitochondria that have a particularly high affinity for Gomori's chrome alum hematoxylin and toluidine blue stain 59 . Gomori-positive astrocytes are mainly found together with tanycytes (see below) in areas of the ARC that are highly enriched in GLUT-2 and have elevated glucose-dependent oxidative metabolism, features that might influence the functional activity of adjacent neurons 60 . These findings demonstrate that astrocytes differ not only among different brain areas, but also within them, which is also true for the hypothalamus 61, 62 . The phenotype and functionality of hypothalamic astrocytes is determined by adjacent neurons and the local microenvironment; thus, astrocytic activity might change in response to the energetic needs and demands of their surrounding extracellular space. Stimulation of the PVN with norepinephrine or glutamate stimulates astroglial ATP release, leading to enhanced synaptic efficacy at glutamatergic synapses 63, 64 . Astrocytes can act as metabolic sensors regulating food intake by rewiring hypothalamic circuits to ultimately balance energy metabolism via such signals 56, 65 . MBH astrocytes alter the firing rate of AgRP neurons for the bidirectional regulation of leptin-and ghrelin-regulated feeding circuits via release of adenosine and activation of adenosine A 1 receptors 65 (Fig. 2 ). In addition, selective genetic loss of leptin and insulin receptors in adult mice using our targeting of the glia-cell marker glial fibrillary acidic protein (GFAP) reduces the ability of leptin and glucose to suppress food intake, respectively 55, 56 .
Tanycytes and the blood-brain barrier. Tanycytes are specialized, nonciliated ependymoglial cells (classified as astroglia) that line the floor of the third ventricle in the tuberal region of the hypothalamus near the ARC 66 . Although tanycytes share many common features with astrocytes, they display a unique morphology and distinct functional characteristics 67 . Tanycytes are polarized cells, with cell bodies located in the wall of the third ventricle and elongated processes extending into the parenchyma and contacting the pial surface of the brain. Due to this peculiar morphology and their stem cell properties, tanycytes can be considered radial glia of the mature brain 66 . In the ME, tanycytes contribute to the regulation of key hypothalamic functions, including reproduction and metabolism. They dynamically control neuropeptide secretion into the hypothalamus-pituitary portal circulation, sense and respond to local glucose levels, generate the active form of thyroid hormones, and regulate local homeostasis via their ability to control the exchange of molecules such as leptin between the blood and the hypothalamic extracellular fluid 66 . The blood-brain barrier is critical for maintaining the brain microenvironment, as it prevents direct exposure of the parenchyma and the cerebrospinal fluid (CSF) to the blood with its potentially toxic circulating molecules. ME-barrier dynamics involve a complex coordination between tanycytes and endothelial cells. Tanycytes possess organized tight-junction complexes at the level of their cell bodies that seal the intercellular space, preventing free diffusion of blood-borne molecules extravasating from ME fenestrated capillaries into the CSF (Fig. 2) 
66
. On their opposite pole, tanycytes contact either ME microvessel loops in the ventromedial ARC or the blood-brain barrier vessels proper within the ARC itself 66 . In the ME-ARC region, the organization of tight junctions in tanycytes and tanycyte-mediated endothelial cell fenestration is plastic; it can be reorganized to modulate the direct access of bloodborne metabolic signals such as glucose and ghrelin to nearby ARC neurons and, consequently, regulate the adaptive response to acute nutritional challenges 68, 69 (Fig. 2) . Previous studies suggested that metabolic hormones enter the brain mainly by transport across the vascular endothelium 70 . Recent evidence, however, indicates that peripheral peptides also enter the brain via transcytosis across tanycytes from the ME to the third ventricle, from where they can circulate through the ventricular system and access the ARC and other distant brain structures lining the ventricles 71 . Blood-borne leptin freely exits the circulation through fenestrated capillaries and is taken up by tanycytes, which are the first cells in the hypothalamus
Box 2 | Synaptic plasticity in the hypothalamic regulation of metabolism
The mammalian brain retains the capacity for structural reorganization and functional adjustments of synaptic transmission throughout life 95 . This ability is known as synaptic plasticity and is fundamental for the organism to adequately adapt behavioral outcomes in response to energy demands, environmental experiences, and learning processes. The brain adjusts both cortical and hippocampal synaptic transmission in response to experience and learning, and also modulates the connectivity of brain circuits in the hypothalamus in response to metabolic shifts. Consequently, hypothalamic-driven control of feeding behavior and energy expenditure are affected by synaptic plasticity throughout life 96 . This involves synaptic input re-arrangements based on dynamic synapse formation and elimination, processes fundamental to achieve adequate postsynaptic responsiveness of AgRP and POMC neurons to distinct transmitters after a shift in metabolic state. Rapid synaptic remodeling of ARC feeding circuits is initiated by leptin, ghrelin, and estradiol 30 . Metabolism-dependent rewiring of synaptic input organization has also been observed in the LH, involving fasting or endocannabinoid-mediated switches in the synaptic input organization of orexinergic neurons 97 .
to perceive and respond to this circulating hormone (Fig. 2) 71 . Likewise, circulating ghrelin is also transported to the CSF by tanycytes (Fig. 2) 
.
Microglia and hypothalamic immunity. Microglia, phagocytic and antigen-presenting cells in the brain, are neuroprotective through the secretion of neurotrophic factors such as BDNF and are also crucial for brain development and plasticity through CX3CR1-dependent engulfing and phagocytosis of synaptic material and the shaping of synaptic connectivity 73 . Indeed, mice lacking
LepRs in CX3CR1
+ subsets of myeloid cells, including microglia, have reduced POMC-derived α -MSH + nerve terminals in the PVN, and this is associated with less of the phagocytic indicator CD68 in microglia without LepR, indicating that leptin-regulated microglial phagocytosis might be crucial for ARC POMC neural projection to the PVN 74 . Microglia act as sentinels for virtually all neuropathological changes 75 . By virtue of the richness of their surface receptors, microglial cells are able to sense pathogen-associated molecular patterns with Toll-like receptors (TLRs), ATP and ADP (from injured cells) by purinergic receptors, and glycocalix-bound sialic acids via sialic-acid-binding immunoglobulin-like lectins (Siglecs), as well as cytokines, chemokines, and neurotransmitters 76 by their respective cognate receptors (Fig. 2) . The ability to differentially sense these various compounds results in region-specific diversity 77 . Given the crucial role that microglia play in hypothalamic plasticity, including regulation of food intake and energy expenditure 78 , detecting their diet-induced chronic activation and eventual loss of function may provide novel clues for understanding endocrine disorders. In addition, a recent study reported that TLR2-driven activation of hypothalamic microglia affects POMC neuronal activation and related promotion of sickness behavior 79 . Loss of TLR2-dependent microglia activation alters the GABAergic inputs to POMC neurons and is associated with a body weight loss and anorexia 79 . Overall, these recent findings demonstrate that hypothalamic astrocytes, tanycytes, and microglia regulate numerous and diverse Tanycytes that line the third ventricle can transport leptin and ghrelin from the general circulation into the third ventricle or can carry glucose, leptin, and ghrelin from the third ventricle to parenchymal area where key metabolic sensing neurons are located. Astrocytes are also involved in sensing circulating metabolic-associated factors and consequently regulating neighboring neuronal functions. On the other hand, microglia provide a neuroprotective role by secreting neurotrophic factors such as BDNF, engulfing cellular debris. However, when neurons produce excessive debris and metabolic waste in an obesogenic environment, microglia persistently exhibit a proinflammatory state. The microglia-derived inflammatory cytokines such as TNF act on neurons resulting in neural damage. Eventually, a vicious cycle is formed between the reactive microglia and hypothalamic neurons, promoting hypothalamic dysfunction and affecting the brain control of systemic energy metabolism. BBB, blood-brain barrier; TNF-α , tumor necrosis factor alpha.
Box 3 | underlying mechanisms linking hypothalamic glia activation and obesity
Using wild-type (wt), monogenic obese leptin-deficient (ob/ob), db/db (leptin-receptor mutation), or MC4R-knockout mice on either a hypercaloric diet or a standardized chow diet, the microglial changes in the ARC have been demonstrated to be due to hormones and diet, rather than to body weight itself 78 . The hypercaloric diet-induced increase in microglial numbers is solely due to their proliferation, as peripheral mononuclear cells were not detected in the hypothalamus 113 . Inhibiting microglial proliferation, by central delivery of the antimitotic drug arabinofuranosyl cytidine, reduces hypothalamic inflammation and adiposity and restores leptin sensitivity in mice fed a hypercaloric diet 114 . Similarly, depleting microglia with PLX5622, a CSF1R inhibitor, and restraining microglial negative regulator of nuclear factor κ B (NF-κ B) signaling, abrogates diet-induced hyperphagia and weight gain 115 . On the other hand, microglial-specific deletion of A20, a negative regulator of NF-κ B signaling, induces microgliosis, reduced energy expenditure, and consequent weight gain as well as increased food intake without dietary challenge 115 . Likewise, recent findings suggest that a hypercaloric diet increases inducible nitric oxide synthase (iNOS) expression in the hypothalamic perivascular macrophage, triggering hypothalamic inflammation and vascular hyperpermeability as well as abnormal glucose metabolism 116 . It is not clear at present as to how far such changes are reversible, but dystrophic microglia have been found in brains of obese humans 113 . The IKKβ -NF-κ B pathway in the MBH has been recently identified as a key regulator of astrocytic distal process plasticity, with functional consequences to both acutely and chronically regulated metabolic parameters 117 . Similarly to what has been described in microglia, when IKKβ is selectively knocked out in astrocytes, mice are protected against DIO, and conditional inactivation of IKKβ in hypothalamic astrocytes in adult mice counteracts the overfeeding induced by chronic exposure to a hypercaloric diet 117, 118 . molecular cascades involved in the control of systemic metabolism. The underlying mechanisms include morphological remodeling that alters neurotransmitter dynamics at the synapse, as well as synaptic connectivity, the release of signaling molecules capable of altering neuronal function and controlling the access of circulating signals into the brain.
Morphological and functional impairment of the hypothalamic cell matrix in obesity and translational aspects. Hypothalamic feeding circuits are highly vulnerable to obesogenic diets. Malfunctioning of basic cellular processes, including autophagy or leptin-induced reactive oxygen species formation, disturbs the dynamics of mitochondrial fission and fusion, promotes ER stress, and alters the formation of mitochondria-to-ER contacts. These dysfunctions have been observed in diet-induced obese (DIO) mice, particularly in POMC neurons, and all these processes have been reported to contribute to the development of obesity 33, 80 . Likewise, DIO-induced dysfunctional activity has been observed in both AgRP and POMC neurons, including altered synaptic input organization associated with a reduced ability to sense important metabolic signals 30, 81 . Alterations in dopaminergic brain activation also occur in obese mice, indicating a possible aberrant activation of reward processes that might result in excessive consumption of high-energy food in obese subjects 82 . In hypercaloric DIO, dietary fat, and especially saturated fatty acids, are considered to be the essential components initiating pro-inflammatory responses in the hypothalamus 83 . However, by carefully dissecting the dietary components, it was found that the combination of high-fat and high-carbohydrate content in the diet can stimulate both POMC and NPY or AgRP neurons to produce advanced glycation end-products, which are then secreted by the neurons and taken up by microglia 84 . Upon stimulation by advanced glycation end-products, microglia become activated and produce more tumor necrosis factor (TNF)-α to enhance microglial immune capacity 85 and mitochondrial stress in POMC neurons 86 , which in the long run may result in POMC neuronal dysfunction.
Astrocytes are also susceptible to obesogenic diets, developing a reactive phenotype in the ARC 81 . Changes in the reactivity and/or distribution of astrocytes in the hypothalamus are associated with synaptic organization and the responsiveness of POMC neurons to metabolic factors including glucose 87 or leptin 56 . These might also affect the content of local synaptic messengers, such as endocannabinoids, and subsequent responses of hypothalamic neurons (e.g., POMC cells) to metabolic hormones 32 . Analogously, the loss of lipid sensing via lipoprotein lipase in astrocytes promotes hypothalamic ceramide accumulation and exacerbates body weight gain in response to a hypercaloric diet 88 . Consumption of a hypercaloric diet potentiates the reactivity of astrocytes and also affects the number and size of microglia in the ARC and the ME 89, 90 before any changes in body weight gain 89 , suggesting a potential role of these glial cells in the pathogenesis of obesity (Box 3).
Other studies demonstrate that in leptin receptor-deficient (db/db) mice and DIO mice, leptin loses its ability to activate LepR-associated signaling pathways (STAT3, Akt, and ERK) in tanycytes. In both obesity mouse models, exogenous leptin accumulates in the ME and never reaches the MBH 71 . Together with human data indicating that the transport of leptin into the CSF is dramatically reduced in obese subjects 91, 92 , these findings suggest that the leptin taken up by ME tanycytes in db/db and DIO mice is not released into the third ventricle. Activation of the ERK signaling pathway in tanycytes by epidermal growth factor rescues leptin translocation from the ME to the MBH in both mouse models, ameliorates the aberrant hypothalamic leptin signaling, and improves metabolic status in DIO mice 71 . Finally, glial cells and neurons are not the only cells that are affected as the density and length of microvessels increase in both obese rodents and humans, and there is an accumulation of immunoglobulin G that cannot be found elsewhere in the CNS 93, 94 . Together, these studies demonstrate that the hypothalamus and its specific cells are highly diet-responsive, although the physiological significance of this phenomenon and its contribution to metabolic diseases remain unknown.
outlook
Functional dissection of cellular heterogeneity in the CNS control of metabolism. Although considerable efforts have been made to better understand the relevant mechanisms underlying brain control of systemic metabolism, the global obesity epidemic continues to rise. Based on the information and emerging models summarized above, it appears that the successful translation of experimental findings on cellular heterogeneity in the brain's control of body weight, food intake and metabolism from mice to humans might lead to improved strategies to fight human metabolic diseases. Specifically, knowledge of the cellular heterogeneity of the CNS control of metabolism might lead to the generation of novel drug candidates with reduced side effects as specific targeting of distinct cell types or subpopulations becomes feasible. Over the last two decades, numerous studies have unraveled the cellular heterogeneity of neurons in metabolic control. Now, the discovery that glia can participate in governing systemic metabolism suggests that similar functional patterns may exist for astrocytes, tanycytes, and microglia. Moreover, diet-induced intracellular adaptations in distinct groups of glial cells may offer a targeting potential for new therapeutic strategies that could reverse immunometabolic dysfunction and obesity by protection or modulation of hypothalamic glial function 81 . In addition, future investigations into the biology of other types of glial cells in the hypothalamus, such as oligodendrocytes and NG2 glial cells (also known as oligodendrocyte precursors), which play a role in the maintenance of neuronal processes of sensory neurons in CVOs 13 , will undoubtedly improve our understanding of the central control of systemic metabolism. Likewise, further studies unraveling the processes by which metabolic hormones gain access to hypothalamic circuits will shed more light in this regard. Parallel studies in mice and humans are required to mechanistically link glial activation and alterations of energy expenditure and weight gain.
